Biosecure livestock mortality composting systems have been used to dispose of diseased livestock mortalities. In those types of system, visual inspection of carcass degradation is not possible and monitoring VOCs (volatile organic compounds) released by carcasses is a new approach to assess progress of the composting process. In this study, field-scale livestock mortality composting systems were simulated and a laboratory scale composting system with aerobic and anaerobic test units was designed to collect VOC samples from the headspace of decaying plant materials (70 g dry weight) and swine tissues (70 g dry weight) at controlled operating temperatures. Headspace samples were collected with SPME (solid phase microextraction) and analyzed by a GC-MS (gas chromatography-mass spectrometry) system. Among the 43 VOCs identified, dimethyl disulfide, dimethyl trisulfide, and pyrimidine were found to be marker compounds of the mortality composting process. These compounds were only found to be produced by decaying swine tissues but not produced by decaying plant materials. The highest marker VOC emissions were measured during the first three weeks, and VOCs were not detected after the 6th week of the process, which indicates degradation processes were completed and compost materials microbially stabilized (no additional VOC production). Results of respiration tests also showed that compost materials were stabilized. Results of this study can be useful for field-scale composting operations but more studies are needed to show the effects of size and aeration rate of the composting units.
Abstract 14
Biosecure livestock mortality composting systems have been used to dispose of 15 diseased livestock mortalities. In those types of system, visual inspection of carcass 16 degradation is not possible and monitoring VOCs (volatile organic compounds) released by 17 carcasses is a new approach to assess progress of the composting process. In this study, 18 field-scale livestock mortality composting systems were simulated and a laboratory scale 19 composting system with aerobic and anaerobic test units was designed to collect VOC 20 samples from the headspace of decaying plant materials (70 grams dry weight) and swine 21 tissues (70 grams dry weight) at controlled operating temperatures. Headspace samples 22
were collected with SPME (solid phase microextraction) and analyzed by a GC-MS (gas 23 chromatography -mass spectrometry) system. Among the 43 VOCs identified, dimethyl 24 disulfide, dimethyl trisulfide, and pyrimidine were found to be marker compounds of the 25 mortality composting process. These compounds were only found to be produced by 26 decaying swine tissues but not produced by decaying plant materials. The highest marker 27 VOC emissions were measured during the first three weeks, and VOCs were not detected 28 after the 6 th week of the process, which indicates degradation processes were completed and 29 compost materials microbially stabilized (no additional VOC production). Results of 30 respiration tests also showed that compost materials were stabilized. Results of this study 31 can be useful for field-scale composting operations but more studies are needed to show the 32 effects of size and aeration rate of the composting units. 33
Introduction

37
The safe disposal of carcasses during emergency animal disease (EAD) outbreaks is 38 a significant issue since diseases can be easily spread to humans and other livestock 39 (Wilkinson, 2007) . Improper disposal of carcasses, such as illegal dumping, has become a 40 problem due to cost of mortality disposal and limited number of licensed landfills, 41 In case emergency disposal is necessary, a passively-aerated plastic wrapped 49 mortality composting system has been designed to reduce the potential of spreading live 50 viruses to the environment (Spencer et al., 2004; Ahn et al., 2007; Glanville et al., 2007) . In 51 this type of biosecure composting application, carcasses are fully covered with envelope 52 (typically silage, straw, or hay) materials and the entire matrix is wrapped with plastic 53 sheets. It is not safe to turn, mix, or expose the diseased carcasses to the environment until 54 carcass degradation is completed, temperatures have been reached and maintained to 55 inactivate pathogens, and compost is considered stable (Wilkinson, 2007) . Since visual 56 inspection of the carcasses is not possible, a new method is needed to assess progress and 57 completion of the degradation process without compromising biosecurity. Temperature is 58 the most commonly used parameter for assessing performance of a composting process. 59
However, monitoring temperature profiles does not necessarily help to evaluate progress 60 and completion of the process. Reasons for low core compost temperatures may be over-61 aeration of the composting units and low heat retention properties of the envelope materials 62 There are many variables affecting analytical method development and 83 quantification with SPME. One of the factors affecting air sampling with a SPME fiber is 84 air temperature. Although there are more compounds in the vapor phase when the 85 temperature increases, amounts of volatiles adsorbed can decrease (Jia et al., 1998 ; 86 Demyttenaere et al., 2003) . This can be explained by the fact that adsorption is an 87 exothermic and competitive process (Pawliszyn, 1997) . In addition, adsorption induces heat 88 release, which can increase the temperature of the adsorbent and decrease the amounts of 89 analyte adsorbed (Nongonierma et al., 2006) . 90
In this study, a laboratory scale composting system, which simulated a field-scale 91 biosecure composting systems was designed, built and tested to specifically monitor VOC 92 emissions. Several operating variables were controlled, (i.e., composting time, temperature, 93 and aeration flow rate resulting) in aerobic or anaerobic conditions. The objectives of the 94 study were (a) to identify and compare VOCs evolved from decaying swine tissues and 95 plant materials in order to find marker compounds of decaying swine tissues, (b) number of holes were used to aerate test units (Fig. 1a) . Air flow rate was set at 100±1.66 115 mL/min by using stainless steel 3-way needle valves (Swagelok, Omaha, NE). As Rynk et 116 al. (1992) suggested airflow rates of 707.7 to 2,831 L/min per dry tonne of compost were 117 required for aerobic composting, we chose an air flow rate of 1.42 mL/min per dry gram 118
(1,420 L/min per dry ton-average of 707.7 and 2,831 L/min per dry ton) and kept constant 119 in all test units. Air flow rate of each test unit was set at 100±2 mL/min and checked 120 weekly from the outlet port of the test units (Fig. 1a) . One hour before headspace VOC 121 sampling, aeration was stopped and aerobic test units were kept closed to let the VOCs 122 reach equilibrium in the headspace. 123
Humidified air was pumped through aerobic test units. Relative humidity at the 124 outlet of the test units was calculated by measuring dry and wet bulb temperatures. Outlet 125 of the test units were connected to small glass jars and dry/wet bulb temperatures were 126 measured inside these jars using thermocouples (Omega Engineering, Stamford, CT). 127
Wetted gauze was used to measure wet bulb temperatures (Fig. 1a) . A datalogger (Model 128 CR10X, Campbell Scientific, Logan, UT) was utilized to record temperature. 129 
Sample preparation and composting conditions 137
Plant materials (corn silage, oat straw, and alfalfa hay) were collected from central 138
Iowa. Oat straw and alfalfa hay were chopped to approximately 10 cm lengths to prevent 139 formation of an excessively porous structure. A whole swine carcass (6.3 kg, one month 140 old), including bones, internal organs, and skin, was shredded using an industrial grinder in 141 order to get a representative 70 g sample of the entire carcass. The initial moisture contents 142 of the corn silage, oat straw, alfalfa hay, and swine tissues were 43.6, 37. were placed on the lids (inner side) to separate headspace of the jars from tin lids and to 158 minimize interfering compounds from tin lids and seals. Sampling ports for SPME insertion 159 and VOC collection were made by drilling 5 mm holes in the middle of the lids. 160
Thermogreen half-hole septa (Supelco, Bellefonte, PA) were tightly placed in these holes. 161
Air handling system was assembled from clean 6. 35 
mm O.D. Teflon (PTFE) tubing (E&S 162
Technologies, Chelmsford, MA) and stainless steel fittings (Swagelok, Omaha, NE) to 163 prevent any VOC contamination. All the test units were placed in water baths (Fisher 164 Scientific, Chicago, IL). Temperatures of the water baths were adjusted every day manually 165 (Fig. 2) . Temperatures were increased up to 67 ºC and then decreased to 22 ºC during the 166 first 8 weeks. This temperature profile was based on the average core temperature of a9 warm season field-scale biosecure swine mortality composting process (Ahn et al., 2007 ; 168 Glanville et al., 2007) . After temperature decreased to 22 ºC, it was increased again (Fig. 2)  169 to check the potential for VOC emissions caused solely by temperature increase after the 170 composting process is completed. This was done to determine if the biological activity had 171 fully ceased during the composting period and compost materials were fully stabilized. 172
CO2 and O2 measurements 173
The headspace CO2 and O2 concentrations were measured on weekly basis from the 174 outlet of the test units using a CO2 (Vaisala, Louisville, CO) and O2 (Apogee, Logan, UT) 175 probe. The CO2 and O2 concentrations in the aerobic test units were recorded to test 176 aeration status of the test units. Oxygen concentrations of anaerobic test units were 177 measured in order to check for possible O2 contamination. Carbon dioxide and O2 probes 178 were calibrated weekly using clean ambient air and gas mixtures (5% CO2-15 % O2 and 179 15 % CO2-5 % O2) prepared by the Chemistry Store, Iowa State University, Ames, IA. 180
Headspace SPME and GC-MS analysis 181
An 85 µm Carboxen/polydimethylsiloxane (CAR/PDMS) SPME fiber and 1 h 182 extraction time was used to collect VOCs from the headspace of the test units. This SPME 183 fiber and extraction time was chosen based on air sampling and analysis method 184 samples to 50% (w.b) but in this study moisture contents of the samples were increased to 233 65% since it was the initial moisture content of the swine tissues. 234
Statistical analysis 235
Experiments were run in triplicate (n=3). Statistical JMP v 6.0.2 package was used 236 for data analysis. Data were subjected to one-way analysis of variance (ANOVA). 237
Treatment means were compared using TUKEY's honestly significant differences (HSD) 238 test at 95 % confidence level (p≤0.05 and n=3). 239 (Table 3 ). The optimum initial moisture content of the compost materials is in the 249 range of 40 to 60% (Haug, 1993) . In this study, the initial moisture contents of the plant 250 materials were increased to 65% (to approximate moisture content of the swine tissues) and 251 during the process moisture contents of the plant materials and swine tissues decreased to 252 approximately 30%. Final moisture contents can vary from 21% to 77% (Glanville, et al., 13 2007) depending on the initial moisture content and the progress of the process. It is known 254 that lowest moisture content at which bacterial activity takes place is from 12 to 15% 255 (Shammas and Wang, 2007) . In this study the final moisture contents were above 15% and 256 it can be concluded that aerobic test units were humidified properly and over-drying of the 257 compost materials due to excessive aeration was prevented. 258
Results and discussion
Identification of marker VOCs 259
Forty three compounds including volatile fatty acids, esters, nitrogen-containing 260 compounds, alcohols, phenols, ketones, sulfur-containing compounds and terpenes were 261 identified in the headspace of corn silage, oat straw, alfalfa hay and swine composts (Table  262 1). Retention time and spectra of the compounds were matched with those of pure standards. 263
Among the forty three compounds, only three compounds were found to be evolved 264 exclusively by decaying swine tissues, and were not produced by any of the plant materials 265 tested. These marker compounds were dimethyl disulfide, dimethyl trisulfide and 266 pyrimidine, which were produced under both aerobic and anaerobic conditions. Plant 267 materials may be degraded slowly since their cellulose and lignin contents are high 268 (Richard, 1996) . In the current study, marker compounds were not produced or produced 269 processes responsible for the production of pyrimidine. 293
Quantification of marker VOCs 294
Extraction temperatures for SPME were compared according to the amount of 295 analytes extracted at 1 hr sampling time. The highest extraction efficiency was achieved at 296 20 ºC (Fig. 3) . As the temperature increased, the extraction efficiency decreased due to the 297 exothermic nature of the adsorption process. The amount of analytes extracted at 20, 30, 298 and 40 ºC were found to be significantly higher than those extracted at 50 ºC and 60 ºC (Fig.  299 3). For this reason, calibration curves were prepared at 20, 30, 40, 50, and 60 ºC (Table 2) . 300
The replicates exhibited relative standard deviations ranging from 0.22 to 6.15 % and 301 correlation coefficients ranging from 94.7 to 99.7 %. The lowest and highest 302 concentrations prepared for the calibration curves were 0.01 ppmv and 6.85 ppmv, 303
respectively. Concentrations and emission rates of the marker compounds were estimated 304 using these calibration curves. 305 These emission rates were calculated based on MDLs, final g VS of swine tissues and 334 compost temperature in week 6. Emission rates were reported per final g VS (VS of 335 compost materials after 9 weeks) to facilitate comparisons between the results of this lab-336 scale study and larger scale composting studies. 337
Concentrations and emission rates of marker VOCs
Temperatures of the test units were purposefully raised at the end of the composting 338 process (week 8) (Fig. 2) . This increase in temperature did not result in increased emission 339 rates of the marker compounds and marker compounds were not detected in the headspace 340 (Figs. 4a and b) . This indicated that the emission rates of the marker compounds did not 341 decrease due to a lower temperature and volatility. It is most likely that available nutrientsources were depleted and microbial degradation process was completed. These results 343 were supported by the respiration rate measurements. Respiration rates of the swine tissues 344 decreased from 8.82±0.36 to 3.25± 0.12 mg CO2-C/g VS/d (Table 3) processes occur more rapidly under aerobic conditions (Haug, 1993) . 357
An important observation was that emissions of volatile fatty acids (VFAs) were 358 detected from only anaerobic test units of plant materials (Table 1) . These results were 359 expected since VFAs are known to be produced during anaerobic degradation (Haug, 1993) . 360
In further field-scale biosecure composting studies, a potential use of VFAs to evaluate 361 aeration status of compost materials could be evaluated. 362
Emission rates of dimethyl disulfide and dimethyl trisulfide were approximately 12 363 times higher than the emission rates of pyrimidine. This ratio was consistent in both aerobic 364 and anaerobic test units. Significant correlations (correlation coefficients ranging from 83.7 365 to 99.6 %) were found between emission rates of dimethyl disulfide, dimethyl trisulfide, 366 and pyrimidine (Table 4 ), indicating that these organic compounds were likely produced 367 simultaneously by microbial activity. Based on these results, emission rates of the three 368 marker compounds can also be estimated if emission rate of one of the marker compounds 369 is known (Table 4) . 370
The results of this study serve as a 'stepping stone' to field-scale research on the 371 degradation progress of biosecure swine mortalities. In this study, aeration rate, temperature 372 profile, composting time, carbon to nitrogen ratio, moisture content of the compost 373 materials were carefully chosen to simulate a field-scale biosecure composting process. The 374 results of this study will be supported by subsequent field-scale biosecure swine mortality 375 composting studies since there could be additional variables affecting larger-scale 376 degradation processes. 377
Conclusions
378
Volatile organic compounds emitted from decaying swine and plant materials were 379 characterized in a laboratory-scale system simulating biosecure field-scale swine mortality 380 composting operations. The novel approach involving SPME coupled with collection of 381
VOCs from a complex matrix of decaying plant and animal tissues, and analysis of VOCs 382 on a GC-MS was useful in identifying marker compounds that could be used as indicators 383 of the process status and its completion. Three marker compounds, dimethyl disulfide, 384 dimethyl trisulfide, and pyrimidine were found to be produced only by decaying swine 385 tissues. Marker compounds were found to be produced simultaneously and the highestemission rates were detected during the third week of the composting process. Marker 387 compounds were not detected after the 6 th week of the process. The decrease in the 388 emission rates of marker compounds after week 6 was not caused by change in the 389 temperature and lower volatility of the compounds. The main reason was likely slower 390 microbial activity due to limited nutrient sources and earlier exposure to high temperatures. 391
Respiration rates of the swine tissues were measured at the end of the trial (week 9). 392
Volatile fatty acids were only detected in the headspace of decaying plant materials under 393 anaerobic conditions. Significant correlations (correlation coefficients ranging from 83.7 to 394 99.6 %) were found between emission rates of dimethyl disulfide, dimethyl trisulfide, and 395 pyrimidine. Consequently, the emission rate of one of these three marker compounds could 396 be used to estimate completion of the carcass degradation in biosecure swine mortality 397 composting systems. Therefore, future studies to monitor completion of biosecure field-398 scale swine mortality compost systems using the VOCs characterized in this study are 399
warranted. 400 
